bridging method (Fig. 1B) by removal of a G from the pGM1190-sgRNA (3) plasmid with primers removalG_F and removalG_R, resulting in plasmid pGM1190-sgRNAnoG. The transcription of the sgRNA is controlled by a constitutive promoter PermE*, and terminated by a to terminator. Due to the huge differences of codon usage between streptomycetes and other organisms, the cytidine deaminase rAPOBEC1 (apolipoprotein B mRNA editing enzyme catalytic subunit 1 from Rattus norvegicus, genbank accession number: NM_012907.2), the Cas9n (D10A), and the UGI from Bacillus phage AR9 (genbank accession number: YP_009283008) and the adenosine deaminase ecTadA (genbank accession number: NP_417054.2) were codon optimized to S. coelicolor A3(2) using Genscript's OptimumGene TM algorithm (SI Appendix Fig. S4 ) and then synthesized by Genscript. The stop codon removed rAPOBEC1 was fused to the N-terminus of the start and stop codons removed Cas9n (D10A) using a 16-amino acid flexible linker (SGSETPGTSESATPES, the encoding DNA sequence was also Streptomyces codon optimized). The start codon removed UGI was then fused to the C-terminus of Cas9n (D10A) by a SGGS linker. Gibson assembly was used to assemble the DNA fragment encoding the N-rAPOBEC1-16aa linker-Cas9n-4aa linker-UGI-C fusion protein into NdeI and XbaI digested pGM1190-sgRNAnoG plasmid, the fusion protein is under control of the thiostrepton inducible tipA promoter, resulting in the final pCRISPR-cBEST plasmid. The construction of pCRISPR-aBEST is very similar to the construction of pCRISPR-cBEST. The only difference is that pCRISPR-aBEST does contain a UGI. Both plasmids have been deposited to Addgene (Plasmid #125689 and #131464).
Construction of the multiplexing CRISPR-cBEST plasmid
To facilitate the multiplexing applications of base editing, we modified the CRISPR-cBEST plasmid with following steps. As the codon usage between streptomycetes and Pseudomonas is very similar, we decided to use the original P. aeruginosa csy4 gene (SI Appendix, Table S12 ). First, we amplified csy4 from the genomic DNA of P. aeruginosa PA14. Then we use this fragment to replace the original sgRNA cassette. Second, the abovegenerated plasmid was further adapted by replacing the fd terminator region with the landing pad for the Golden Gate Assembly compatible sgRNA array with SP19 promoter (4), followed by a NcoI restriction site, a strong RBS (Registry of Standard Biological Parts: BBa_B0034), a mCherry from pGM1192 (2) , an NheI restriction site, and finally a t0 terminator, ending up with the final plasmid pCRISPR-McBEST. Golden Gate assembly was used to clone the sgRNA array.
Single-strand DNA based PCR-free spacer cloning protocol
To use the pCRISPR-BEST for base editing applications, only one cloning step is required, which is the insertion of a 20nt-spacer into the sgRNA scaffold. A ssDNA oligo based, PCR-free method was adopted for spacer cloning in this study. The oligo was designed as CGGTTGGTAGGATCGACGGCN20GTTTTAGAGCTAGAAATAGA. As designed, the pCRISPR-BEST plasmid can be linearized by NcoI. By mixing the linearized pCRISPR-BEST plasmid and chemically synthesized spacer containing oligo with the NEBuilder (New England Biolabs, USA). The linearized pCRISPR-BEST plasmid then will be bridged by the spacer containing oligo, ending up with the desired pCRISPR-BEST.
Mach1™-T1 R E. coli (Life Technologies, UK) was used for cloning. Because of the high bridging efficiency, 4-8 clones were directly Sanger sequenced using primer "stre_spacer_seq" to screen for the correct constructs. All plasmids generated and used are listed in SI Appendix, Table S2 .
In vivo spacer-matrix design using PatScan
As two key components of the protospacer-matrix are the positions and the variants of TCGCACC or TAGACAA in the 23nt protospacer plus PAM sequence. The pattern of the CRISPR-cBEST matrix is N2-3(TCnGCnACnCn)N12-11GG, where n = 1 to 7, while the pattern of the CRISPR-aBEST matrix is N2-3(TAnGAnCAnAn)N12-11GG, where n = 1 to 7. Therefore, in theory, each matrix should contain in total seven pieces of protospacer. PatScanUI (5) (https://patscan.secondarymetabolites.org) was used to locate all possible protospacers in the genome of S.
coelicolor A3(2). However, in the case of CRISPR-aBEST, we could not find all seven protospacers in the S.
coelciolor genome sequence data. Each found protospacer was cross-compared with all spacers of S. coelicolor found by CRISPy-web (6) , then the ones with less off-target effects were manually checked if they are inside of essential genes or not, based on the genome annotation of S. coelicolor A3 (2) . Base on the following rules for matrix protospacer selection: not in essential gene; all from the same DNA strand; not located too close to the chromosome end; less off-target effects; and if possible, select the ones sharing the same PAM sequence, seven and six pieces of protospacers for CRISPR-cBEST matrix and CRISPR-aBEST matrix were finally selected, respectively ( Fig. 2A, Fig. 2C and SI Appendix, Table S4 ).
CRISPR-BEST support in CRISPy-web
For the updated CRISPy-web, sgRNAs are identified using the regular CRISPy-web algorithm published previously (6) . All sgRNAs in the region of interest where the potential edit window overlaps with an annotated CDS region are then selected for CRISPR-BEST analysis. The CDSs with overlap to the sgRNA edit windows are split into individual codons. The codons are filtered for overlaps with the edit window again. For sgRNAs on the same strand as the CDS, all possible C to T mutations for CRISPR-cBEST and A to G mutations for CRISPRaBEST are recorded, for sgRNAs on the opposite strand, accordingly, all possible G to A mutations and T to C mutations are recorded. Non-conservative mutations changing the encoded amino acid are finally reported in the CRISPy-web interface.
CRISPR-cBEST compatible protospacers identification using CRISPy-web
The procedure is based on our previous report (6) . Briefly, a custom genome or an antiSMASH generated job id needs to be uploaded to CRISPy-web (https://crispy.secondarymetabolites.org). Taking In-frame deletion of kirN using CRISPR-Cas9 based homologous recombination strategy
The in-frame deletion of kirN in S. collinus Tü365 using CRISPR-Cas9 based homologous recombination approach was carried out as we described in (7) . USER cloning approach was used for the sgRNA cloning (7).
The 20nt spacer region GATCGCATTTCGCCAACTAC that specifically targeted on kirN was predicted by
CRISPy-web (6) . The 462 bp sgRNA-kirN cassette was then designed and ordered as a gBlocks® Gene Fragment from IDT (Integrated DNA Technologies, US), the full sequence of this gBlock can be found in (SI Appendix, Table S5 ). The directional assembly of the sgRNA and the two 1kb editing templates, interspaced by the promoter PermE*, in the linearized pCRISPR-USER-Cas9 was ensured by the uracil-containing overhangs generated by PCR amplification with primer pair pHR1/pHR2 for the sgRNA gBlocks® gene fragment, pHR3/pHR4 for the promoter PermE*, and primer pairs pHR5/pHR6 and pHR7/pHR8 for the 1kb editing templates up-and downstream of kirN, respectively. The 1 kb editing templates were amplified from genomic DNA of S. collinus Tü365.
Upon the USER assembly, correct clones of pCRISPR-∆kirN were identified with control PCR with pHR9/pHR10
and confirmed by Sanger sequencing with primer pairs pHR9 and pHR13. The resulting pCRISPR-∆kirN was introduced into S. collinus Tü365 by intergeneric conjugation as reported previously (1).
Validating base pair changes by Sanger sequencing
First, primers that can amplify a several-hundred base pairs region containing the base editing window were designed (SI Appendix, Table S3 ). Secondly, colony PCR approach was used to amplify the designed regions directly from streptomycete colonies. The protocol was modified from our previous publication (3): about foursquare-millimeter actively growing mycelia (for example, 3-day old S. coelicolor, before sporulation) of the selected colonies were scraped from the agar plate using a sterile toothpick into 20 µl pure DMSO in PCR tubes.
The tubes were top-speed shaken and boiled for 20 min at 100 °C in a heating block. After cooling down to room temperature, the solution was centrifuged at top speed for 30 seconds, 1 µl of the supernatant was used as the PCR template in a 20 µl-reaction with Q5 High-Fidelity DNA Polymerase (New England Biolabs, US). Lastly, the PCR products were cleaned up by GeneJET PCR Purification Kit (Thermo Fisher Scientific, USA) and then Sanger sequenced by Mix2Seq kit (Eurofins Genomics, Germany).
Genome-wide off-targets identification of CRISPR-BEST in streptomycetes
Illumina sequencing libraries were constructed from each strain using the HyperPlus library preparation kit from KAPA (Roche, Basel, Switzerland) according to protocol, but in half volume. Input DNA from each strain was adjusted to 2 ng/ul and 11 PCR cycles were run with multiplex indexing primers from Pentabase (PentaBase Aps, Denmark). Seramag Select magnetic beads (GE healthcare, USA) were used to size select ca 600 nt fragments prior to PCR amplification. Libraries were quantified with a Fragment Analyzer (Agilent Technologies, USA) and qubit (Thermo Fisher Scientific, USA). Libraries were sequenced on a single Illumina MiSeq 2x150nt
flowcell. Raw sequencing reads were adapter and quality trimmed using AdapterRemoval (v2.1.17) (8) with the switches --trimns -trimqualities. The WT coelicolor genome was polished using the polishing module of Unicycler (v0.4.8-beta) and the programs ALE (9), pilon (v1.22) (10), minimap2 (v2.16-r922) (11), bowtie2(v2.3.5) (12), and samtools (v1.9) (13). Prokka (v1.13) (14) was used for annotation of the polished genome. Breseq (v0.33.2) (15) was used for SNP calling with the parameters -p and --polymorphism-frequencycutoff 0.2 to allow variants existing in 20% to 100% of the reads. Bcftools from the Samtools package was used to summarise the SNP data. All raw data and the polished genome sequence of S. coelicolor WTNBC have been deposited at NCBI under project accession PRJNA557658.
Illumina whole genome sequencing and analysis of S. collinus strains
Illumina sequencing was carried out as we described before (3). Briefly, a 10 ml five days old S. collinus cluture was used for genomic DNA isolation. The genomic library was generated using the TruSeq ®Nano DNA LT Sample Preparation Kit (Illumina Inc., USA). The whole genome sequencing protocol was carried out as we described in (3). The reads obtained from the Illumina sequencing were mapped to the WT S. collinus Tü365 reference genome (Genome Accession: CP006259) (16) using the software BWA (17) with the BWA-mem algorithm. The data was inspected and visualized using readXplorer (18) and Artemis (19) .
Kirromycin fermentation and chemical analysis
The protocol was modified from (20) . Four-day old seed cultures (grown in ISP2), normalized according to wet weight, were inoculated into kirromycin production medium ending up with in total 50 ml in 250 ml-shake flasks.
The fermentations were carried out for six days at 30°C in a rotary shaker at 180 rpm. 30 ml of each culture was extracted with 1:1 ethyl acetate for 2 h using a magnetic stirrer at room temperature. The extracts were then dried, re-dissolved in 200 µl methanol, and stored in -20°C for further applications.
LC-MS analysis was performed using an ultra-high-performance liquid chromatography (UHPLC) UV/Vis diode array detector (DAD) high-resolution mass spectrometer (HRMS) Orbitrap Fusion mass spectrometer connected to a Dionex Ultimate 3000 UHPLC pumping system (Thermo Fisher Scientific, USA). UV-Vis detection was done using a DAD-3000 set to the range 190 nm -700 nm. Injections of 3 µL of each sample was separated using an Acquity UPLC HSS T3 column (2.1 × 100 mm, 1.8 µm) (Waters, USA) at a flow rate of 0.4 ml/min, and a temperature of 30.0 °C. Mobile phases A and B were 0.1 % formic acid in water and acetonitrile, respectively.
Elution was performed with a 30 min multistep system. After 5 % B for 1 min, a linear gradient started from 5 % B to 100 % B in 21 min, which was held for another 5 min and followed by re-equilibration to 5 % B until 30 min. HRMS was performed in ESI-from a range (m/z) 200 to 2,000 at a resolution of 120,000, RF Lens 60 %, and AGC target 5.0e4.
Data analyses were performed with the software Xcalibur 3.1.2412.17 (Thermo Fisher Scientific, USA).
Bioactivity assay of kirromycin
Wild type Bacillus subtilis 168 was used as indicator strain. An overnight B. subtilis colony of approximately four-square-millimeter was transferred from LB agar plate into 1 ml LB liquid medium in a 1.5 ml Eppendorf tube. The suspension was mixed by vortexing. 200 µl of the above suspension was plated onto a LB agar plate, air drying for 5 min under sterile conditions. Sterilized paper disks were placed onto the B. subtilis plated LB agar plate, then 20 µl of each exact was added onto the paper disks. The resulting LB plate was incubated at 37°C
incubator for 24 h, the image was taken by a ColonyDoc-It™ Imaging Station (Analytik Jena AG, Germany).
Assay for actinorhodin extraction
Exconjugants were picked and streaked onto apramycin containing ISP2 agar plate and incubated for five days at 30 °C. The photos of related plates were taken by a ColonyDoc-It™ Imaging Station (Analytik Jena AG, Germany). Actinorhodin extraction assay was carried as follows: 10 ml of seven days old S. coelicolor ISP2 culture was mixed 1:1 with 1 N NaOH. Extracting for 4 h using a magnetic stirrer at room temperature. The suspensions were centrifuged at 10,000 g for 5 min, the supernatants were transferred into PCR tubes. All tubes were placed under the same filed for photo taken by a ColonyDoc-It™ Imaging Station (Analytik Jena AG, Germany), so that their color could be directly compared. The entire 20nt protospacer plus 3nt PAM is displayed in 5' to 3' direction. The cytidines in the 10-nt hypothetic editing window are highlighted in red. The targeted C in coding and non-coding strand showed as light yellow and light green, respectively. The editing efficiencies are shown as the mean and standard deviation. PCR fragments of five to ten exconjugants from each of two to three independent conjugations were subjected to Sanger sequencing. (A) The GC content changes of APOBEC1, TadA, Cas9n, and UGI before and after codon optimization using S.
coelicolor A3(2) codon usage frequency. (B) The codon adaptation index (CAI) changes of APOBEC1, TadA, Cas9n, and UGI before and after codon optimization using S. coelicolor A3(2) codon usage frequency. was tested in this study. It might be strain dependent. LGGNEMGE_07491 / spkC A-503083 Lanthipeptide Table S12 . Csy4 coding sequence from Pseudomonas aeruginosa PA14. ATGGACCACTACCTCGACATTCGCTTGCGACCGGACCCGGAATTTCCCCCGGCGC  AACTCATGAGCGTGCTCTTCGGCAAGCTCCACCAGGCCCTGGTGGCACAGGGCGG  GGACAGGATCGGCGTGAGCTTCCCCGACCTCGACGAAAGCCGCTCCCGGCTGGGC  GAGCGCCTGCGCATTCATGCCTCGGCGGACGACCTTCGTGCCCTGCTCGCCCGGCC  CTGGCTGGAAGGGTTGCGGGACCATCTGCAATTCGGAGAACCGGCAGTCGTGCCT  CACCCCACACCGTACCGTCAGGTCAGTCGGGTTCAGGCGAAAAGCAATCCGGAAC  GCCTGCGGCGGCGGCTCATGCGCCGGCACGATCTGAGTGAGGAGGAGGCTCGGA  AACGCATTCCCGATACGGTCGCGAGAACCTTGGACCTGCCCTTCGTCACGCTACGC  AGCCAGAGCACCGGACAGCACTTCCGTCTCTTCATCCGCCACGGGCCGTTGCAGG  CGACGGCAGAGGAAGGAGGATTCACCTGTTACGGGTTGAGCAAAGGAGGTTCCGT  TCCCTGGTTCTGA 
Csy4 coding sequence

